Background
==========

Lung cancer is a common cancer of the respiratory system, and is considered to be one of the most common causes of cancer-related death worldwide \[[@b1-medscimonit-24-7146]\]. Non-small cell lung cancer (NSCLC) is the major pathological type of lung cancer, accounting for approximately 85% of all lung cancer cases \[[@b2-medscimonit-24-7146]\]. Although the mortality rate has decreased with the development of surgery and chemotherapy, serious adverse effects and poor prognosis are still of concern. In recent decades, biological extracts from several natural medical herbs have been attracting research attention due to their potent anti-cancer effects \[[@b3-medscimonit-24-7146]\].

Gambogic acid (GA), also referred as C~38~H~44~O~8~, is one of the bio-active polyprenylated xanthones extracted from the plant *Garcinia hanburyi,* which has been used in Traditional Chinese Medicine in treatments of inflammatory and parasitic diseases from ancient times \[[@b4-medscimonit-24-7146]\]. Recently, GA was reported to exert anti-tumor effects against several human cancers such as breast cancer, ovarian cancer, and liver cancer \[[@b5-medscimonit-24-7146]--[@b7-medscimonit-24-7146]\]. The ability to induce apoptosis was proposed as one of the fundamental mechanisms of the anti-cancer effect of GA. However, the specific molecular mechanisms are still unclear.

Basically, there are 2 major pathways triggering apoptosis. The first one is referred to as the extrinsic or death receptor pathway. The second one is referred to as the intrinsic or mitochondrial pathway, which is regulated by B cell lymphoma/lewkmia-2 (Bcl2) and phosphatidylinositol 3-kinase (PI3K) proteins, which are recognized as apoptotic suppressors \[[@b8-medscimonit-24-7146]\]. Notch signaling was reported to be correlated with the occurrence and development of many human cancers \[[@b9-medscimonit-24-7146]\]. Notch signaling is activated after Notch receptors bind with their ligands. Then, the Notch intracellular domain (NICD) translocates to the nucleus to initiate transcription of several genes, including Bcl2 and PI3K. Thus, the Notch pathway is believed to be oncogenic \[[@b10-medscimonit-24-7146]\].

In this study we used 2 human NSCLC cell lines: SPC-A1 and A549. GA was used to incubate these cells. The involvement of Notch/Bcl2 and Notch/PI3K signaling pathways were also investigated. We believe that results from this study will not only add to knowledge of the tumorigenicity of NSCLC, but also provide a theoretical basis for the potential clinical application of GA in patients with NSCLC.

Material and Methods
====================

Cells and treatments
--------------------

The human NSCLC cell lines A549 and SPC-A1 were provided by the Cell Bank of Typical Preservation Committee, Chinese Academy of Science. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco) and an antibiotic mix (Sigma). Cells were cultured in a humidified environment with 5% CO~2~ and 95% fresh air at 37°C. Cells were treated with serially diluted GA (Sigma) at concentrations of 0, 0.5, 0.75, and 1.0 μmol/l for 24 h, which was decided according to the results of our pilot study.

Cell viability assessment
-------------------------

The cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay according to the protocol described previously \[[@b11-medscimonit-24-7146]\]. Briefly, A549 and SPC-A1 cells were seeded into the wells of a 48-well plate at cell density of 5×10^3^/well. Cells were then incubated with GA at concentrations of 0, 0.5, 0.75, and 1.0 μmol/l for 24 h and then incubated with 5 mg/ml MTT (Sigma) at 37°C for 4 h. Then, DMSO was added into each well to dissolve the formazan crystals. The absorbance at 490 nm (A490) was detected with a plate reader. The cell viability was then calculated.

Cell apoptosis evaluation
-------------------------

The cell apoptosis of A549 and SPC-A1 cells were assessed by terminal transferase UTP nick-end labeling (TUNEL) assay. Cultured cells were treated with 20 μmol/l proteinase K (Sigma) and fixed with 4% paraformaldehyde. A TUNEL assay kit (Roche) was used to detect the apoptotic cells according to the protocol provided by the manufacturer. The TUNEL-positive cells were tagged with green fluorescence, which was observed with an inverted fluorescence microscope. The images were analyzed using Image J software (NIH).

Western blotting
----------------

A cell lysis buffer system (Santa Cruz) was used to prepare the whole-cell extracts on dry ice. The Nuclear Extraction Reagents (Pierce) and Total Protein Extraction kit (Beyotime) were used according to the protocol provided by the manufacturers. The protein concentrations were detected with a BCA protein assay kit (Pierce). Vertical SDS-PAGE was used to separate the protein samples, which were then transferred to the PVDF membranes. After blocking with 10% defatted milk, primary antibodies against Delta-like 1 (DLL1, Sigma-Aldrich, 1: 2000), DLL3 (Sigma-Aldrich, 1: 2000), DLL4 (Sigma-Aldrich, 1: 2000), Jagged1 (Abcam, 1: 2500), Jagged2 (Abcam, 1: 2500), NICD (Cell Signaling Tech, 1: 4000), PI3K (Cell Signaling Tech, 1: 2000), Akt (Cell Signaling Tech, 1: 2000), phosphorylated Akt (p-Akt, Cell Signaling Tech, 1: 2000), Bcl2 (Abcam, 1: 2500), active caspase3 (Abcam, 1: 2000), GAPDH (Abcam, 1: 2000), and Histone H3 (Abcam, 1: 2000) were incubated at 4°C for 8 h. Then, the secondary antibodies were used to incubate the membranes at room temperature for 1 h. An ECL kit (Pierce) was used to develop the membranes, which were then exposed with Gene Genius (Syngene). Image J software was used to analyze the densities of the blots.

Statistical analysis
--------------------

Data are presented as mean ±SD and were analyzed using SPSS (version 16.0). Differences between groups were analyzed by *t* test or one-way ANOVA. Differences were considered statistically significant at P\<0.05.

Results
=======

GA reduced growth of NSCLC cells
--------------------------------

The results are demonstrated in [Figure 1](#f1-medscimonit-24-7146){ref-type="fig"}. GA incubation significantly reduced the cell viability of A549 and SPC-A1 cells in a concentration-dependent manner.

GA induced apoptosis of NSCLC cells
-----------------------------------

[Figure 2](#f2-medscimonit-24-7146){ref-type="fig"} demonstrates the results. After being incubated with GA at various concentrations, apoptosis was detected in A549 and SPC-A1 cells. Moreover, GA induced apoptosis of A549 and SPC-A1 cells in a concentration-dependent manner.

GA inhibited Notch signaling activation in NSCLC cells
------------------------------------------------------

The results were demonstrated in [Figure 3](#f3-medscimonit-24-7146){ref-type="fig"}. The expression levels of DLL1, DLL3, DLL4, Jagged1, and Jagged2, as well as the nuclear translocation of NICD1, increased significantly in A549 and SPC-A1 cells. However, GA incubation dramatically reduced the expression levels of DLL1, DLL3, DLL4, Jagged1, and Jagged2 and nuclear translocation of NICD1 in A549 and SPC-A1 cells in a concentration-dependent manner.

GA suppressed Notch/Bcl2 and Notch/PI3K signaling pathways in NSCLC cells
-------------------------------------------------------------------------

The results are demonstrated in [Figure 4](#f4-medscimonit-24-7146){ref-type="fig"}. The phosphorylation level of Akt and the expression levels of PI3K and Bcl2 were increased in A549 and SPC-A1 cells. However, GA administration decreased the phosphorylation level of Akt and the expression levels of Bcl2 and PI3K in a concentration-dependent manner. GA incubation also elevated the expression level of active caspase3 in A549 and SPC-A1 cells in a concentration-dependent manner.

Discussion
==========

Lung cancer is one of the leading malignant cancers worldwide and it was reported that approximately 22 000 cases are diagnosed yearly \[[@b12-medscimonit-24-7146]\]. The prognosis of lung cancer is relatively poor and the over-all 5-year survival rate is only 16.6% according to previous studies \[[@b12-medscimonit-24-7146]\]. Like other human malignant cancers, the imbalance of oncogene and anti-oncogene is found during the tumorigenesis, development, and progression of lung cancer. Increased expression levels of several typical oncogenes, such as Bcl2 and PI3K, were reported to be highly correlated with the proliferative ability of many human cancers, including NSCLC \[[@b13-medscimonit-24-7146],[@b14-medscimonit-24-7146]\].

After the Notch ligands DLL1, DLL3, DLL4, Jagged1, and Jagged2 bind to Notch receptors, the Notch pathway is activated. The NICD is thus translocated to the nucleus to regulate transcriptions of the target genes, including Bcl2 and PI3K \[[@b15-medscimonit-24-7146]\]. According to previous studies, the Notch pathway is correlated with occurrence, development, and progression of many human cancers \[[@b16-medscimonit-24-7146]\]. Abnormal activation of Notch signaling was believed to be associated with malignant phenotypes in several human cancers, including lung cancer \[[@b15-medscimonit-24-7146]\]. Suppressing Notch signaling was found to result in loss of the malignant phenotype in an experimental animal cancer model and in cultured cancer cells \[[@b16-medscimonit-24-7146]\]. In this study, we found that Notch signaling was activated in human NSCLC cells, which led to the increased expressions of Bcl2 and PI3K.

The intrinsic apoptotic pathway acts through Bcl2, which is classified as an anti-apoptotic protein. In response to the apoptotic stimuli, the Bcl2 protein binds to the proapoptotic protein bcl-2 homology 123 (BH123), Bax, and Bak, which are located on the outer membrane of mitochondria \[[@b17-medscimonit-24-7146]\]. Thus, the mitochondrial membrane is stabilized and the formation of permeability transition pores and release of cytochrome c are inhibited \[[@b17-medscimonit-24-7146]\]. As a result, the apoptosis is suppressed. The PI3K signaling pathway is recognized to be resistant to apoptosis and to promote cancer survival against chemotherapeutic agents \[[@b18-medscimonit-24-7146]\]. Recruited by receptor tyrosine kinases (RTKs), PI3K are accumulated on membranes to facilitate the phosphorylation of PIP2 to PIP3, which further recruit serine-threonine kinase Akt to the membrane. Akt is activated by phosphorylation and leads to activation of pro-survival proteins such as IκB kinase complex (IKK) \[[@b19-medscimonit-24-7146]\]. In this study, we found that expression levels of the anti-apoptotic proteins Bcl2 and PI3K were increased in human NSCLC cells.

In recent decades, efforts have been made in identifying and developing anti-cancer agents from medical herbs worldwide due to their high effectiveness and low rates of adverse effects. GA is one such agent showing anti-cancer activity \[[@b20-medscimonit-24-7146]\]. It was reported that GA inhibited cell proliferation, invasion, and migration \[[@b21-medscimonit-24-7146]\]. GA was reported to inhibit cancer cell proliferation by inducing apoptosis, but the specific molecular mechanisms are still not clear. Moreover, although several investigations mentioned the apoptotic-inducing effect of GA on lung cancer cells, the mechanisms are un clear \[[@b22-medscimonit-24-7146]\]. In the present study, GA was used to incubate 2 human NSCLC cell lines. The results show that GA reduced NSCLC cell viability by inducing apoptosis and that GA incubation significantly suppressed activation of the Notch pathway in NSCLC cells. As a result, the expressions of the Notch pathway's target genes, Bcl2 and PI3K, were reduced, triggering apoptosis.

Conclusions
===========

We found that the Notch signaling pathway, specifically Notch/Bcl2 and Notch/PI3K signaling, was activated in human NSCLC cells. GA treatment inhibited the activation of Notch/Bcl2 and Notch/PI3K signaling, resulting in reduced expressions of Bcl2 and PI3K, which further induced apoptosis of NSCLC cells.
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![Charts in **A** and **B** indicate the cell viabilities of A549 and SPC-A1 cells were incubated with gambogic acid at concentrations of 0, 0.5, 0.75, and 1.0 μmol/l for 24 h. \[^a^ Differences were statistically significant with cells incubated with gambogic acid at 0 μmol/l (P\<0.05); ^b^ Differences were statistically significant with cells incubated with gambogic acid at 0.5 μmol/l (P\<0.05); ^c^ Difference was statistically significant with cells incubated with gambogic acid at 0.75 μmol/l (P\<0.05)\].](medscimonit-24-7146-g001){#f1-medscimonit-24-7146}

![(**A**) Captured images of TUNEL assay of A549 and SPC-A1 cells incubated with gambogic acid at concentrations of 0, 0.5, 0.75, and 1.0 μmol/l for 24 h. Apoptotic cells were stained with green fluorescence. (**B**) Columns indicated the apoptotic rate of A549 and SPC-A1 cells incubated with gambogic acid at concentrations of 0, 0.5, 0.75, and 1.0 μmol/l for 24 h. \[^a^ Differences were statistically significant with cells incubated with gambogic acid at 0 μmol/l (P\<0.05); ^b^ Differences were statistically significant with cells incubated with gambogic acid at 0.5 μmol/l (P\<0.05); ^c^ Differences were statistically significant with cells incubated with gambogic acid at 0.75 μmol/l (P\<0.05)\].](medscimonit-24-7146-g002){#f2-medscimonit-24-7146}

![(**A, D**) Immunoblots of DLL1, DLL3, DLL4, Jagged1, Jagged2 GAPDH, NICD1, and Histone H3 in A549 and SPC-A1 cells incubated with gambogic acid at concentrations of 0, 0.5, 0.75, and 1.0 μmol/l for 24 h. (**B, E**) Columns indicate the relative expression levels of DLL1, DLL3, DLL4, Jagged1, and Jagged2 (normalized to GAPDH) in A549 and SPC-A1 cells incubated with gambogic acid at concentrations of 0, 0.5, 0.75, and 1.0 μmol/l for 24 h. (**C, F**) Columns indicate the relative nuclear translocation levels of NICD1 (normalized to Histone H3) in A549 and SPC-A1 cells incubated with gambogic acid at concentrations of 0, 0.5, 0.75, and 1.0 μmol/l for 24 h. \[^a^ Differences were statistically significant with cells incubated with gambogic acid at 0 μmol/l (P\<0.05); ^b^ Differences were statistically significant with cells incubated with gambogic acid at 0.5 μmol/l (P\<0.05); ^c^ Difference were statistically significant with cells incubated with gambogic acid at 0.75 μmol/l (P\<0.05)\].](medscimonit-24-7146-g003){#f3-medscimonit-24-7146}

![(**A, D**) Immunoblots of PI3K, p-Akt, Akt, Bcl2, and GAPDH in A549 and SPC-A1 cells incubated with gambogic acid at concentrations of 0, 0.5, 0.75, and 1.0 μmol/l for 24 h. (**B, E**) Columns indicate the relative phosphorylation levels of Akt (p-Akt/Akt) in A549 and SPC-A1 cells incubated with gambogic acid at concentrations of 0, 0.5, 0.75, and 1.0 μmol/l for 24 h. (**C, F**) Columns indicate the relative expression levels of PI3K and Bcl2 in A549 and SPC-A1 cells incubated with gambogic acid at concentrations of 0, 0.5, 0.75, and 1.0 μmol/l for 24 h. \[^a^ Differences were statistically significant with cells incubated with gambogic acid at 0 μmol/l (P\<0.05); ^b^ Differences were statistically significant with cells incubated with gambogic acid at 0.5 μmol/l (P\<0.05); ^c^ Differences were statistically significant with cells incubated with gambogic acid at 0.75 μmol/l (P\<0.05)\].](medscimonit-24-7146-g004){#f4-medscimonit-24-7146}
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